A new species, Ophiocordyceps ponerus, is reported from a survey of invertebrate-associated fungi in Xiaochehe Wetland Park, Guiyang City, China. Evidence for the new species is provided by morphological and molecular characters. Synnemata of this species emerged from cadavers of soldier ants of Ponera sp. (Hymenoptera). It differs from similar species mainly in having verticillate phialides on the upper portions of the synnemata with septa, 112-158 × 7.5-10 μm; cylindrical or oval conidiogenous cells, which are inflated at the base, and suddenly tapering to a short, thin and verrucose neck, 13-25 × 2.5-5 μm; solitary, smooth conidia nearly oval or forming curved orange segments, 7.5-10 × 3.8-5 μm. Phylogenetic analysis using combined ITS, SSU, RPB2 and TEF sequence data support its systematic position in Ophiocordyceps and as a new species.
Introduction
The entomopathogenic genus Ophiocordyceps (= Hymenostilbe) belongs to Ophiocordycipitaceae, Hypocreales (Wijayawardene et al. 2017) . Hymenostilbe was first proposed based on the type species H. muscarium, a species parasitic on dipteran insects that was later found to be an asexual morph of Ophiocordyceps forquignonii (Quél) Sung (Petch, 1931; Sung et al., 2007) . As the oldest asexual generic name associated with the 'O. sphecocephala clade', Hymenostilbe was synonymized under Ophiocordyceps, most species of which sporulate from adult insects (Sung et al., 2007; Luangsa-ard et al., 2011; Maharachchikumbura et al., 2015 Maharachchikumbura et al., , 2016 Wijayawardene et al. 2017) . Species of Ophiocordyceps have unusual cylindrical synnemata and smooth conidia that are very similar to those of Akanthomyces (Lebert, 1858) and are parasitic on insects of Diptera, Orthoptera, Hymenoptera and spiders (Wijayawardene et al. 2017) . The main identifying characteristics of this asexual Ophiocordyceps are solitary conidia, which are polyblastic and form on a denticle, whereas those of Akanthomyces form in chains on phialides . Petch questioned the acceptability of the genus Hymenostilbe when he reported the species Akanthomyces aculeatus Lebert (Petch, 1933) . Subsequently, and found that it was very difficult to delimit Hymenostilbe from Akanthomyces, especially for species producing synnemata which covers with a hymenial layer at surface. After comprehensive studies, proposed polyphialides as a species-specific character of Hymenostilbe. On the basis of this, they re-described nine taxa and established the taxonomic status of Hymenostilbe. Sung suggested that Hymenostilbe asexual morphs might be derived from within Hirsutella because of the close phylogenetic relationship between Hirsutella and Hymenostilbe asexual morphs, but more evidence is needed to support this (Sung et al., 2007) .
In the Index Fungorum (http://www.indexfungorum.org), there are 26 asexual morph species listed in Hymenostilbe, including 24 formally described species. Among them, O. aranearum Petch was originally classified in Akanthomyces and Hymenostilbe sphecophila Petch (as Isaria sphecophila Ditmar) was later merged with Hirsutella ( Van et al., 2005) . However, there has been debate about the attribution of Hymenostilbe sphecophila, and some scholars believe that it is an asexual morph of Ophiocordyceps sphecocephala and should be placed in Hymenostilbe (Nigel, 1995) . In the last two decades, a small number of Chinese and international studies have addressed the taxonomy, molecular evolution and phylogeny of Hymenostilbe asexual morphs, with sporadic reports of six new species, including O. ventricosa , O. aurantiaca , O. ichneumonophila Van Vooren & Audibert (2005) , O. furcata Aung et al. (2006) , O. spiculata and O. verrucosa Peng et al. (2008) .
During a survey of invertebrate-associated fungi in natural forests near Guiyang City in China, a fungus parasitic on soldier ants of Ponera sp. (Hymenoptera) was found in a nest. Attempts to identify the fungus showed that neither the gene sequences nor morphological traits matched any known Hymenostilbe asexual morphs. To conform to Article 59 of the International Code of Botanical Nomenclature, some mycologists have proposed suppressing the use of some asexual names proposed for taxa in this 'O. sphecocephala clade', including Hymenostilbe, in favor of Ophiocordyceps as the genus name for the entire clade (Sung et al., 2007 , Kepler et al., 2013 , Quandt et al., 2014 , Simmons et al., 2015 , Spatafora et al., 2015 . In light of these recommendations by respected researchers of these fungi, we describe the fungus represented by GZUIFR-2012xch03 as Ophiocordyceps ponerus. Based on morphological character comparisons and phylogenetic analyses, the aim of the present study is to introduce the new species and to investigate its biology and phylogenetic position.
Materials and methods

Specimen
The specimen was collected from Xiaochehe Wetland Park, Guiyang City, Guizhou Province, China (26°32' N, 106°40' E, approximately 1100 m above sea level) in November 2012 by J. J. Qu & Y. M. Zhou, on cadavers of soldier ant of Ponera sp. (Hymenoptera) from rotting wood. Holotypus: GZUIFR-2012xch03 and an isolated strain of its asexual stage GZUIFR xch03 were deposited at the Institute of Fungal Resources of Guizhou University (GZUIFR); the isolated strain was also deposited at the China General Microbiological Culture Collection Center (CGMCC), CGMCC 3.18756.
Fungal isolation and culture
The surface of specimen was rinsed with sterile water, followed surface sterilization with 75% ethanol for 3-5 s. The part of the insect body was cut off and inoculated a piece of tissue in haemocoel on the potato dextrose (PDA) agar. Then, the strain was isolated and cultured at 22°C for 14 d under 12-h light/12-h dark conditions following protocols described by Zou et al. (2010) .
OM and SEM observations
For optical microscopy (OM) observations and imaging, the fresh hyphae were stained with lactic acid phenol cotton blue solution and observed with optical microscope (OM, BK5000, OPTEC, USA). The captured images were edited and digitally contrasted with Paint Shop Pro v. 5.0.1 (Corel, Ottawa, Canada).
Electron microscopy was carried out following to Qu et al. (2017) . Briefly, 1 cm wide agar blocks with hyphae of the fungus were cut from PDA cultures, and the collected samples were fixed with 4% glutaraldehyde at 4°C overnight, then washed three times with phosphate buffer solution (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.4) three times, 10 min/times. Fixed hyphae and conidia were dehydrated using 50%, 70%, 90% and 100% alcohol, 10 min/each level; dehydrated with supercritical carbon dioxide at last. Placed the samples to spray gold. Conidia and mucilage were examined with scanning electron microscope (SEM, S-3400N, HITACHI, Japan) and photographed.
DNA extraction, PCR amplification and sequencing
To construct a phylogeny of major lineages, representative taxa of members from the major species were chosen based on previous phylogenetic studies (Sung et al., 2007; Quandt et al., 2014) . A total of 45 taxa were selected to represent the morphological and ecological diversity of Ophiocordyceps, including outgroup taxon Colletotrichum gloeosporioides, which is classified within Glomerellaceae (Sung et al., 2007) . Axenic mycelia (0.05-0.1g) of tested fungi which needed to extract molecular data were harvested from PDA plates and transferred into 1.5 ml eppendorf tubes for genomic DNA extraction and PCR amplification, which were carried out as previously described (White et al., 1990; Rehner et al., 1994; Rehner et al., 2005; Sung et al., 2007; van den Brink et al., 2012; Simmons et al., 2015) . Sequences from four nuclear loci, including the small subunit ribosomal RNA (SSU), the transcription elongation factor-1 alpha (TEF), the largest and second largest subunits of RNA polymerase ІІ (RPB2) and the first and the internal transcribed spacers (ITS1-5.8S rDNA-ITS2 region, ITS) were used for phylogenetic analyses. All other sequences were collected from GenBank. Efforts were made for all species to have data for at least two genes to be considered in our analyses. Sequences used in this study were combined with published data on species of Hymenostilbe asexual morphs, Polycephalomyces and Ophiocordyceps. The GenBank accession numbers are shown in Table 1 . 
Molecular phylogeny
Sequences were aligned and edited manually using the BioEdit Sequence Alignment Editor ver. 7.0.5.3 (Hall, 1999) with the Clustal X ver. 1.83 software (Thompson et al., 1999) package. Gaps were excluded from the phylogenetic analysis. The data set contained 45 taxa and consisted of 574 bp for SSU, 508 bp for TEF, 512 bp for RPB2 and 306 bp for ITS. A combined data included 1900 characters set of the four regions was analyzed. The Akaike information criterion (AIC) in jModeltest 0.1.1 (Guindon & Gascuel, 2003; Posada, 2008) was used to select the nucleotide substitution model for each partition. Maximum likelihood (ML) phylogenetic analyses were conducted in RAxML (Stamatakis et al., 2008) with the recommended partition parameters to determine the best tree topology and bootstrap support values from 500 search replicates, which were summarized in FigTree. Bayesian posterior probabilities (BPP) were estimated with the same partition parameters in an analysis conducted in MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003) , in which two runs of four chains each were executed simultaneously for 5 000 000 generations, with sampling every 500 generations. TreeGraph was used to compute BPP from a summary of 7501 trees retained after a burn-in of the first 2500 trees collected. ; Colony circular, center of surface with dark brown dense bulges, pink sparse flocculent aerial hyphae on colonies margins; much brown pigment secreting into the media making the back of the colonies show dark brown. Conidiophores 112-158 × 7.5-10 μm, formed outside the synnemata with septa, verticillate phialides on the upper portions of the synnemata, asperulate; conidiogenous cells 13-25 × 2.5-5 μm, forming on conidiophores or side branches, cylindrical or oval inflated at the base, suddenly tapering to the short and thin neck, verrucose; conidia 7.5-10 × 3.8-5 μm, solitary, smooth, hyaline, nearly oval or shaped like curved orange segments. Ophiocordyceps ponerus differs from related species mainly in having verticillate phialides on the upper portions of the synnemata; conidiogenous cells that are cylindrical or oval, inflated at the base, and verrucose; and conidia that are solitary, smooth, and nearly oval or forming curved orange segments (7.5-10 × 3.8-5 μm). Holotype: CHINA. Guizhou Prov.: elev. 1100m, Xiaochehe Wetland Park, Guiyang City, on cadavers of soldier ant of Ponera sp. (Hymenoptera) from rotting wood, 16 November 2012, GZUIFR-2012xch03. Isotype: KUN-F0085001. GenBank: ITS = KP890688; RPB2= KY953145; SSU= KY953152; TEF= KY953153.
Results
Taxonomy
Known distribution: Xiaochehe Wetland Park, Guiyang, Guizhou Province, China.
Phylogenetic analysis
The tree was regenerated with maximum likelihood analysis and Bayesian posterior probabilities with Colletotrichum gloeosporioides as the outgroup taxon (Fig. 2) . The tree could be broadly divided into three clades: Hymenostilbe, Hirsutella and Polycephalomyces clades. In the phylogenetic tree, Ophiocordyceps ponerus cluster with Hymenostilbe asexual morphs species and formed a separate branch from other species with credible bootstrap support (87/92%). Within a separate branch, Ophiocordyceps ponerus and Ophiocordyceps odonatae clustered together closely, suggesting that these species were truly related. The molecular phylogenetic analysis confirmed that there were differences between Ophiocordyceps ponerus and other related species. 
Discussion
Both morphological and phylogenetic analysis showed that Ophiocordyceps ponerus is a new taxon. Ophiocordyceps species produce conidia singly from multiple denticles on conidiogenous cells that form a palisade-like layer along the entire outer surface of the synnemata . However, the new species has verticillate and verrucose phialides in whorls on the synnemata, distinguishing it from the vast majority of species in the genus. Other reported similar species parasitic on ants include O. aurantiaca , O. australiensis , O. camponoti , O. lloydii Sung et al. (2007) (Hymenostilbe formicarum Mains), O. longispora and O. melanopoda , O. lecaniicola , O. spiculata ), O. ventricosa Hywel-Jones (1995 and O. verrucosa , differ from the new species in the shape of their phialides and conidia. For more details see the Key and Supplementary Table S1 .
As the asexual species associated with Ophiocordyceps, Hymenostilbe and Hirsutella were synonymized under Ophiocordyceps (Maharachchikumbura et al. 2015) . In this study, multiple gene sequences of related Ophiocordyceps species were used for the phylogenetic analysis despite the fact that the available genetic data in public databases are limited for a number of this species and include mainly partial sequences Sung et al., 2007; Quandt et al., 2014) . In our phylogenetic tree, the close phylogenetic relationship with Ophiocordyceps asexual morphs is exemplified by the close positions of the two separate clades. Furthermore, Ophiocordyceps ponerus and Ophiocordyceps odonatae cluster closely, but the phialides of the latter are cylindrical (9.7-14 × 3.2 μm) and the conidia are narrower and cylindrical (6.5-9.7 × 1.1-2.2 μm). 3-13 × 4.5-6 μm, polyblastic, cylindrical to clacate, apically with crowded denticles, 2 μm long; ...Continued on the next page
